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Abstract— In this paper the generation of 
Kα X-ray produced by interaction of ultrashort 
laser pulses with metal targets has been studied 
numerically. Several targets were assumed to 
be irradiated by high intensity ultra-short laser 
pulses for the calculations. Using Maxwell 
Boltzmann distribution function for hot 
electron and applying an analytical model, the 
number of Kα photons were calculated as a 
function of hot electron temperature, target 
thickness and K-shell ionization cross section. 
Also, simulation results of Kα yield versus 
target thickness variations from two and three 
layer metals have been presented. These 
calculations are useful for optimization of X-
ray yield produced by irradiation of metal 
targets with high intensity laser pulses. We also 
generalized this model and present simulation 
results on Kα fluorescence measurement 
produced by fast electron propagation in shock 
compressed materials.  
Keywords—laser produced plasma, x-ray emission, 
multi-layered target, conversion efficiency, shock wave 
compression. 
I.  INTRODUCTION  
Recent developments of the chirped pulse 
amplification technique have given access to a new 
regime of laser-matter interactions with very 
intense laser fields [1-4]. The focusing of an ultra-
intense laser beam on a solid target produces 
plasma on its surface [5-7]. Hot electrons are 
generated via collective absorption mechanisms, 
such as resonant absorption (RA) [8] or vacuum 
heating (VH) [9]. While the less energetic 
electrons deposit their energy in a thin front layer 
resulting in strong heating [10], the more energetic 
electrons penetrate much further into the target up 
to the colder regions behind the hot plasma where 
they ionize the k shell of the atoms giving rise to 
the emission of "cold  "  Kα photons. Since the 
electrons are generated only during the interaction 
with the laser pulse, a very short Kα pulse of the 
order of the laser pulse duration is expected [11-
13]. The short duration makes these x-ray pulses 
very attractive for probing of matter dynamics on 
the femtosecond scale [14-16]. Moreover, because 
of its small x-ray emission size, it has a number of 
interesting applications for medical imaging 
techniques [17,18]. Further developments of these 
new x-ray sources are still needed before they can 
be used in practical applications. 
The control and optimization of the x-ray 
emission of plasmas by high intensity laser-solid 
interaction is a subject of current interest. This 
requires an understanding of several mechanisms: 
the laser energy absorption, the hot electron 
generation, and the x-ray conversion. Several 
groups have already reported x-ray emission 
experiments relying on sub-picosecond laser 
systems. For example, Yu et al. systematically 
studied the hard x-ray emission produced by 500 fs 
laser pulses and obtained the intensity scale laws 
[19]. Soom et al. reported high Si and Al Kα conversion yield with 1.3 ps laser [20]. Eder et al. 
reported the observation of a maximum in Kα x-
ray emission when the target is placed away from 
best focus [21]. Zhidkov et al. studied pre-pulse 
effect with a 42 fs laser [22] at moderate intensities 
and low contrast. This work demonstrated a 
decrease of the laser energy absorption for this 
kind of ultrashort pulse durations and also reported 
the critical influence of the plasma gradient for hot 
electron generation and hard x-ray emission. 
Schnurer et al. also obtained an x-ray emission 
decrease by reducing the pulse duration to a value 
smaller than 120 fs at constant laser energy and 
target position [23]. No explanation was given and 
it was suggested that it would need more 
experimental results. Therefore, in the regime of 
several tens of femtoseconds, further studies are 
still necessary to characterize the hard x-ray 
emission, especially the nature of the energy 
absorption mechanism. 
In this paper, we study, theoretically, the 
possibility of x-ray source optimization from one 
and multilayer targets in both cold and hot 
compressed matters. We concentrate on Kα emission, since recently reported x-ray optic 
instrumentations make this particularly interesting. 
Firs we derive a general formula for the Kα x-ray yield from one layer laser-irradiated foils. Both 
forward and backward directions have been 
considered. Then this model is programmed by 
preparing a numerical code package. After that, 
this model is generalized for two and three layer 
targets and their results have been demonstrated. 
Finally, we generalized the so called model for fast 
electron propagation and Kα emission from the 
targets being heated and ionized by shock wave 
compression. These numerical results for 
multilayered cold and shocked targets are quite 
novel and have not performed in previous studies. 
II.  ANALYTICAL MODEL OF Kα  X-RAY 
GENERATION IN ONE-LAYER TARGETS 
In order to understand our simulation results 
more clearly, an analytical model for plasma 
emission has been developed. When a metal target 
is irradiated by short laser pulses, hot electrons 
would be created on the surface of the target. 
These energetic electrons are directed into the slab 
along the target normal. This assumption is 
reasonable for non-relativistic electrons, regardless 
of the angle of incidence of the laser beam. In 
relativistic scheme, the penetration angle becomes 
energy dependent [24]. Recent experiments with 
short-pulse lasers indicate that distribution 
function for these hot electrons is assumed to be 
quasi Boltzmann [24], 
  
Where  is the initial energies of hot electrons at 
the surface and  is their temperature in KeV. 
The total number of hot electrons  and their 
temperature  at the surface of the target are 
related to the laser intensity I as below [13]: 
 
 
Figure 1 illustrated the Kα emission due to a 
distribution of  hot electrons passing through a 
slab of thickness d. both forward and backward 
emission have been considered. 
 
 
Fig. 1. Schematic of Kα emission from a one-dimensional 
slab target. 
The number of Kα photons produced by hot 
electrons with energies between [ ] 
within the interval [ ] and emitted into a 
solid angle  at an angle  relative to the 
electron penetration axis is calculated via [24]: 

Which  is the oblique distance in which the 
Kα photons travel (at an angle θ) through the 
target. 
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where , , ,  and  are, 
respectively, the number of hot electrons in depth x 
with energy E, the atomic density of target 
material, K-shell ionization cross section, Ka fluorescence yield and photo-absorption cross 
section for the Kα  photon. 
 is proportion to number of electrons 
on the target surface as below: 
 
It must be noted that the electrons with initial 
energies E0 leave the target surface and reach the depth x with final energies E have a probability of
. This function depends on the 
electron stopping power . The stopping 
power related to various energies has been 
calculated from Ref. [25] which is based on NIST 
(National Institute for Standard & Technology), 
which electron energies from 1  to 10  
are included. 
It has been proved that initial energy of the 
electron  and its energy  at depth , are 
connected by the below integral equation: 
  
By defining an angle-dependant photon mean 
free path  as: 
  
Total number of Kα photons which can reach the detector will be measured by integrating Eq.4 
and 5 over x and E: 
 
Withstanding the fact that the relationship 
among  and  is complicated, so solving 
Eq.9 become very difficult. Because the stopping 
power  depend on  and , the two integrals 
in Eq.9 cannot be performed independently. 
Nonetheless, by using some innovative 
techniques Eq.9 can be figure out. 
Our simulation procedure is briefly consisted of 
three steps: 
First, the target is divided into very thin layers 
of thickness . Then a three dimension 
matrix of ( ), which connect the energy  
of hot electrons at depth  to their initial energy 
 at front layer, is determined by use of electron 
stopping power . 
Second, the dimensionless quantities  
regarding Eq.1 and Eq.9 are defined as below: 
 
 
Integral equations 10 and 11 then have been 
calculated for a particular energy  by applying 
the so called matrix ( ) in case of  
in exponential terms. 
Third, by considering Eq.10 and Eq.11, Eq.9 
will be written as bellow: 
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Performing step 2, this relation is then 
calculated by Simpson integration method. 
We now proceed to analyze these equations 
with the aim of finding optimal conditions for 
emission as a function of target thickness, laser 
intensity and hot electron temperature. In the 
calculations that follow, the Kα emission cross 
sections,  from [26]; the fluorescence yields,  
from [27] and Kα photo-absorption cross section 
from [28]. It should be noted, however, that these 
parameters refer to cold materials. For compressed 
dense plasmas these have to be modified. 
A. Target thickness: 
In fig.2 the number of Kα photons per target thickness is shown. Temperature of hot electrons is 
assumed to be 40 KeV.  
 
Fig. 2. Dependence of forward (solid lines) and backward 
(dashed lines) Kα emission on foil thickness for a three 
different targets (Th=40 KeV). 
It is observed that in forward scattering for all 
three types, there is a thickness which the Kα efficiency is maximized. For example, for Iron it is 
15 micron. Also, in backward emission greater 
than a certain thickness, the Kα efficiency reaches a saturated state that doesn't increase. 
B. Laser intensity: 
Calculation for variation of laser intensity from 
1014 to 1018 Wcm-2 has been performed and 
simulation result illustrated below: 
 
Fig. 3. Number of Kα x-ray emission as a function of laser 
intensity for both forward and backward scattering. 
There is always this mentality that if laser 
intensity increase, the Kα x-ray emission rate will 
be enhanced. The results show that this notation is 
not necessarily true, but an optimum for laser 
intensity exists. It is because of photon 
reabsorption inside the target. 
III.  MODEL OF KΑ YIELD IN TWO LAYER TARGETS 
Simulation of Kα x-ray for the metallic targets 
was mentioned in previous section. The 
generalization of single layer equation for two 
layer target according to Fig.4 is  
 
 
Fig. 4. Geometry of Kα emission from a two-dimensional 
slab target. 
Following a similar approach we developed in 
section ІІ, the number of Kα photons in the case of 
two-layered target can be formulated as follows, 
 
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where  
 
 
Parameters with indices 1 are related to first 
layer and indices 2 for the second. 
In forward scattering, the main purpose is the 
calculation of the first layer photons which are 
passed through the second layer. Hence, two points 
must be considered in simulation of Kα yield in 
two layer targets: generation of photons in the first 
layer and their penetration through the second 
layer. 
In other words, the parameters in Eq.13, which 
are effective in production of Kα photons, are 
related to the first material. And the transmission 
parameters, related to both materials. The first 
layer parameters are used from the surface to 
thickness d1 and the second layer parameters are 
used from d1 to d. 
On the other hand, in backward scattering, the 
numbers of Kα photons which are generated in the 
second layer and passed through the first layer 
should be considered.  
A. Simulation results of two layer targets: 
The plot of efficiency for a two-layer target 
which is made of titanium as first layer and iron as 
second layer is shown in fig.5.  
 
Fig. 5.  Number of forward Kα photons from a 2-layer target Ti-Fe 
as a function of thickness.I=1016 Wcm-2 and Th=40 KeV. 
This figure is shown for the forward scattering 
according to the variation of the second layer 
thickness. 
B. Results for three layer target: 
In fig.6 the number of Kα forward emission of 
the first layer (Al) from a typical 3-layer target, 
composed of 12 micron Aluminum (first layer), 20 
micron copper (second layer) and again 22 micron 
Aluminum, has been shown versus third layer 
thickness variation. 
 
Fig. 6. Number of forward Kα photons emitted normally 
from a 3-layer Al-Cu-Al target versus third layer thickness 
in µm. I=1016 Wcm-2 and Th=40 KeV. 
Besides, the efficiency of Kα photons versus 
copper (2nd layer) thickness is given in fig.7.  
 
Fig. 7. Number of Cu-Kα photons emitted normally from 3-
layer Al-Cu-Al target versus third layer thickness in µm. 
I=1016 Wcm-2 and Th=40 KeV. 
Clearly there is an overall optimal thickness—
about 30 µm for emission in the forward direction 
(rearside of target). 
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IV.  SIMULATION OF SHOCKED COMPRESSED 
MATTERS 
In inertial confinement fusion (ICF) research a 
new approach, the so called ‘‘fast igniter’’ was 
devised to achieve the goal of ignition [29,30]. 
Fast Ignition is a form of inertial fusion in which 
the ignition step and the compression step are 
separate processes. The invention of chirped pulse 
amplification2 of lasers spurred research in this 
area because these lasers can, in principle, supply 
energy to the fusion ignition region as fast as the 
convergence of stagnating flows can for the 
conventional ignition scheme [31-33]. 
 Crucial to the success of this approach is to 
investigate the propagation of fast electrons and 
their energy deposition in the compressed pellet 
[34]. Furthermore, Kα x-ray emission, produced 
from the so called fast electrons is very important. 
In this section the model of Kα x-ray emission for cold multilayer targets was developed to cover 
targets heated and compressed by shock wave. To 
prove, our result was compared with the data of an 
experiment performed at the Rutherford 
Laboratory, by an Italian-French-English scientific 
team [35]. 
As illustrated in fig.8 a 3-layer target composed 
of 13/5 μm thick Chlorinated Plastic (PVCD) 
fluorescence layer which was sandwiched between 
 of polyethylene (CH2) on the side of the 
compression beams and 10–104 μm of 
polyethylene on the CPA side. In this experiment 
the propagation of the electrons through the target 
was studied using Kα spectroscopy by producing 
Kα emission from chlorine at 2622 eV. An ultra-
fast pulsed laser with intensity of  W cm-2 is 
used to produce hot electrons on the front layer. In 
addition, by a laser source on the rear side, a shock 
wave in each layer is created. The shock wave 
cause to compress target and thus will increase the 
intensity of material. The experimental data 
showed a much larger fast electron penetration in 
the shocked material (about a 100% increase), 
which was due to the phase change produced in the 
target material by the shock wave compression 
[34,35]. 
The experiment showed a much increased 
penetration of fast electrons in the compressed 
plastic [35]. 
 
Fig. 8. In-principle scheme of the experimental setup and of 
the targets 
Also a delay between the irradiation time CPA 
laser and the ns beam was chosen so that  
of uncompressed material was present when the 
CPA beam was fired. This ensured that the 
conditions of fast electron generation were 
identical in both the cold and shock-compressed 
cases. 
 
Fig. 9. Kα experimental yield and penetration depth for cold 
and compressed matter as a function of target thickness in 
µm [35] 
The experimental data of Kα yield of Cl atom for both cold 
and compressed matter as a function of first layer target 
thickness are shown in fig.9. 
A. Results of compressed target; compare with 
experiment 
In fig.10 number of Kα photons from Cl atom 
at 2.6 KeV in fluorescence layer (PVCD, 13.5 μm) 
was presented. 
m26
1610
m8
 
Fig. 10.  Number of Kα photons for both cold and 
compressed matters as a function of first layer thickness in 
µm. I= 2×1016 Wcm-2 and Th=40 KeV. 
According to the results, using compressed 
target in case of cold target will greatly enhance 
the Kα efficiency that can be seen in both fig.9 and 
fig.10. 
Comparing simulation results (fig.10) with the 
experimental results (fig.9), the accuracy of our 
model is confirmed. In the next 2 section number 
of Cl Kα photons versus 2nd and 3rd layer target 
thickness will be obtained. 
B. Second layer thickness 
In this section, the so called 3 layer target (CH2-PVCD-CH2) with 20 and 26 μm, respectively for first and third layer is considered and number of Cl 
Kα photons per second layer thickness is 
illustrated (fig.11) 
 
Fig. 11. Number of Cl-Kα photons as a function of second 
layer (PVCD) thickness in µm. I= 2×1016 Wcm-2 and Th=40 KeV. 
As seen in above figure, there is an optimum 
thickness for 2nd layer (27 micron in this case) 
which the number of Kα photons is maximized. 
C. Third layer thickness 
Now we stepped farther and studied Kα x-ray 
of Cl atom versus the third layer thickness 
variations, consuming the known 3-layer CH2-PVCD-CH2 target of 20 and 27 μm for the first and second layer respectively. 
 
Fig. 12.  Number of Kα photons as a function of third layer 
(CH2) thickness in µm. I= 2×1016 Wcm-2 and Th=40 KeV. 
It shows that there is a descending trend for Kα 
with respect to third layer thickness. 
V. CONCLUSION 
In summary, we have presented an analytical 
scaling model of Kα emission from multilayered 
targets which provide the optimum parameters for 
the incident laser and the target. A general model 
of Kα photon generation in femtosecond laser-
irradiated solid material have been formulated 
which can be used for both cold and shocked 
compressed multilayer targets. Photon 
reabsorption is taken into account explicitly, 
allowing both forward and backscattered Kα 
emission to be simulated for arbitrary target 
thicknesses. 
Moreover, we generalized this model and study 
the Kα fluorescence yield in shock compressed 
materials, and verified the accuracy of our model 
for both cold and hot compressed targets. 
Comparing the cold and the compressed cases, the 
number of detected Cl Kα photons for the 
compressed target is more than the cold one which 
is because of a much larger fast electron 
penetration depth and respectively electron 
stopping power in the shocked material (about a 
100% increase), due to the phase change produced 
in the target material by the shock wave. 
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